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Center, PO Box 880666, Lincoln, NE 68588-0666, USA
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Abstract
In higher plants, mammals, and filamentous fungi, transcriptional gene silencing is frequently associated with
DNA methylation. However, recent evidence suggests that certain transgenes can be inactivated by a methylation independent mechanism. In the unicellular green alga Chlamydomonas reinhardtii, single-copy transgenes
are transcriptionally silenced without discernible cytosine methylation of the introduced DNA. We have isolated a Chlamydomonas gene, Mut11, which is required for the transcriptional repression of single-copy transgenes. Mut11 appears to have a global role in gene regulation since it also affects transposon mobilization, cellular growth, and sensitivity to DNA damaging agents. In transient expression assays, a fusion protein between
the predicted Mut11 gene product (Mut11p) and E. coli β-glucuronidase localizes predominantly to the nucleus.
Mut11p, a polypeptide of 370 amino acids containing seven WD40 repeats, is highly homologous to proteins of
unknown function that are widely distributed among eukaryotes. Mut11p also shows similarity to the C-terminal domain of TUP1, a global transcriptional co-repressor in fungi. Based on these findings we speculate that, in
Chlamydomonas, the silencing of certain single-copy transgenes and dispersed transposons integrated into euchromatic regions may occur by a mechanism(s) similar to those involving global transcriptional repressors. Our
results also support the existence, in methylation-competent organisms, of a mechanism(s) of transcriptional
(trans)gene silencing that is independent of DNA methylation.

Matzke, 1999). However, there are also a few examples
of a TGS-like phenomenon with single-copy transgenes
(Cerutti et al., 1997b; Day et al., 2000; Iglesias et al.,
1997; Meyer and Heidmann, 1994). Moreover, adjacent
transgenes within a single locus, for instance a selectable
marker and a reporter gene, can become independently
silenced (Day et al., 2000; Fu et al., 2000; H. Cerutti, unpublished observations). Some complex transgenic loci
can also silence homologous sequences in trans, in a
phenomenon resembling paramutation (Chandler et al.,
2000; Vaucheret and Fagard, 2001). DNA–DNA interactions have long been postulated to be involved in this kind
of TGS (Luff et al., 1999; Matzke et al., 2000), but DNA–
RNA interactions may also play a significant role. Indeed,
double-stranded RNA derived from promoter regions has

Introduction
Transcriptional gene silencing (TGS) is an epigenetic process that reduces gene expression by suppressing transcription. In plants, TGS was first recognized due
to the silencing of introduced transgenes, but it also controls the activity of endogenous genes and transposons
(Habu et al., 2001; Kaya et al., 2001; Lindroth et al.,
2001; Matzke et al., 2000; Singer et al., 2001; Steimer
et al., 2000; Vaucheret and Fagard, 2001; Verbsky and
Richards, 2001; Vielle-Calzada et al., 1999; Wolffe and
Matzke, 1999). Multiple-copy transgenes, organized in
complex structures with direct and/or inverted repeats, often become transcriptionally silenced (Paszkowski and
Whithman, 2001; Vaucheret and Fagard, 2001; Wolffe and
25
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recently been shown to repress transcription from homologous sequences (Jones et al., 2001; Mette et al., 2001;
Sijen et al., 2001). These observations raise the possibility of mechanistic connections between post-transcriptional gene silencing and TGS (Matzke et al., 2001; Sijen
et al., 2001)
In eukaryotic organisms capable of methylating their
DNA, TGS frequently correlates with cytosine methylation
and with a locally condensed chromatin structure, particularly within promoter/enhancer regions (Koprek et al.,
2001; Paszkowski and Whithman, 2001; Vaucheret and
Fagard, 2001; Ye and Signer, 1996). Some of the components of the TGS machinery have been identified as
suppressors of transgenic silencing in Arabidopsis thaliana (Amedeo et al., 2000; Furner et al., 1998; Mittelsten-Scheid et al., 1998; Vongs et al., 1993). DDM1 (Decrease in DNA Methylation) encodes a member of the
SWI2/SNF2 family of chromatin-remodelling proteins and
affects genome-wide methylation, particularly in repetitive DNA (Jeddeloh et al., 1999; Mittelsten-Scheid et al.,
1998; Vongs et al., 1993). Defects in MET1 (Methyltransferase 1) or CMT3 (Chromomethylase 3) also suppress
TGS in association with a reduction of DNA methylation
(Finnegan and Kovac, 2000; Habu et al., 2001; Lindroth
et al., 2001). In contrast, mutations in MOM1 (Morpheus’
Molecule 1), which encodes a novel protein with partial
similarity to a SWI2/SNF2 ATPase/helicase domain, result
in reactivation of silent transgenes while DNA methylation
is maintained (Amedeo et al., 2000). Likewise, inhibition of
HDA1 (originally denoted A. thaliana Histone Deacetylase
1) gene expression releases silencing without changes in
DNA methylation (Tian and Chen, 2001). Mutations in another histone deacetylase gene, Arabidopsis HDA6, also
cause reactivation of transgene expression (Murfett et al.,
2001; Verbsky and Richards, 2001).
Although DNA methylation could inhibit transcription directly, by blocking the binding of certain transcription factors, emerging evidence suggests that cytosine methylation is not sufficient for transcriptional silencing (Amedeo
et al., 2000; Bird and Wolffe, 1999; Bird, 2002; Habu
et al., 2001; Meyer, 2000; Paszkowski and Whithman,
2001; Tian and Chen, 2001). In vertebrates, transcription
may be blocked primarily by the formation on methylated
DNA of a repressive chromatin structure, mediated by
methylcytosine-binding proteins and/or DNA methyltransferases interacting with nucleosome remodelling and histone deacetylase complexes (Bachman et al., 2001; Bird
and Wolffe, 1999; Bird, 2002; Fuks et al., 2000; Robertson
et al., 2000). Moreover, in Neurospora crassa DNA methylation depends on the methylation of histone H3, suggesting that chromatin proteins can influence DNA methylation (Selker, 1998; Tamaru and Selker, 2001).
Transcriptional gene silencing can also occur independently of cytosine methylation. In organisms lacking DNA
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methylation, or with very limited methylation such as Drosophila melanogaster, inheritable transcriptional states
can be established and maintained by mechanisms involving modulation of chromatin structure and/or nuclear
organization (Hsieh and Fire, 2000; Lustig, 1998; Lyko,
2001; Meyer, 2000). Methylation-independent TGS may
also exist in plants. In Arabidopsis some transgenic loci
remain silent despite drastically reduced methylation levels due to depletion of MET1 (Mittelsten Scheid et al.,
1998; Morel et al., 2000). In addition, certain single-copy
transgenes appear to be repressed without detectable
promoter methylation (Fu et al., 2000; Meza et al., 2001).
Furthermore, transcriptional silencing of cab140 in transgenic Arabidopsis and paramutation at the b1 and pl1 loci
in maize do not correlate with DNA methylation (Brusslan et al., 1993; Chandler et al., 2000). By analogy to animal and fungal systems, this type of TGS may depend on
plant chromatin components. Indeed, MOM1 may act independently of methylation or, alternatively, downstream
from this signal, such as in the recognition of methylated DNA (Amedeo et al., 2000; Paszkowski and Whithman, 2001). Histone deacetylases may also play a role in
methylation independent gene silencing (Tian and Chen,
2001; Verbsky and Richards, 2001). Moreover, plant homologues of polycomb-group (PcG) proteins (Gendal
et al., 2001; Goodrich et al., 1997; Habu et al., 2001; Kiyosue et al., 1999; Luo et al., 1999; Ohad et al., 1999; Vielle-Calzada et al., 1999), chromodomain containing polypeptides (Eshed et al., 1999; Gaudin et al., 2001; Ogas
et al., 1999) and Chromatin Assembly Factor 1 (Kaya
et al., 2001) have been implicated in the control of plant
development and may also function in TGS, although the
latter remains to be demonstrated.
In C. reinhardtii and other volvocine algae, TGS of
multiple-copy transgenes is associated with cytosine
methylation of the introduced DNA (Babinger et al.,
2001; Cerutti et al., 1997b). However, in the case of single-copy transgenes, transcriptional inactivation occurs without discernible DNA methylation (Cerutti et al.,
1997b). To elucidate the molecular mechanism(s) involved in the latter process, we have isolated several mutant strains that reactivate transgenic expression (Jeong
et al., 2002). We report here the cloning and characterization of the gene disrupted in the Mut-11 strain. The
Mut11 gene encodes a nuclear-localized protein containing seven WD40-repeats with similarity to the carboxyl
terminal domain of TUP1, a fungal transcriptional co-repressor. Close homologues of Mut11p are present in a
wide variety of eukaryotes, suggesting a role for these
proteins in an evolutionarily conserved mechanism.
We hypothesize that Mut11p may silence unmethylated
(trans)genes by inducing the formation of a repressive
chromatin structure and/or by direct interference with the
transcription machinery.
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Results
Isolation and genetic analyses of Mut-11
Strain 11-P[300] contains a transcriptionally silenced
single-copy of the RbcS2::aadA::RbcS2 transgene (Cerutti et al., 1997b). In this transgene the eubacterial aadA
gene (conferring spectinomycin resistance) is under the
control of regulatory sequences from the Chlamydomonas small subunit of Rubisco (RbcS2) gene (Cerutti et al.,
1997a). By insertional mutagenesis we have isolated a
mutant strain, Mut-11, that shows reactivation of RbcS2::
aadA::RbcS2 expression (Jeong et al., 2002). Mut-11 was
generated by integration of the rs-3 marker, encoding
protoporphyrinogen oxidase (Randolph-Anderson et al.,
1998), into the nuclear genome of 11-P[300] and selection for resistance to diphenyl ether herbicides.
To test whether the insertional mutagen co-segregated
with reactivation of transgenic expression, Mut-11 was
crossed to the wild-type strain of opposite mating type,
CC-125. A meiotic tetrad product containing exclusively
the tagging plasmid (Mut-11-7-1) was backcrossed to 11P[300] and the progeny examined for de-repression of
the aadA transgene (Figure 1). Only meiotic tetrad products containing both the rs-3 marker and the RbcS2::
aadA::RbcS2 transgene, as detected by Southern blot
hybridization (Figure 1b, tetrad 1, products 2 and 3, and
tetrad 2, product 1), were able to grow on spectinomycin containing medium (Figure 1a). In contrast, meiotic
tetrad products containing the chimeric aadA transgene
in a wild-type background (Figure 1b, tetrad 2, product
4, and tetrad 3, products 2 and 3) showed sensitivity to
spectinomycin (Figure 1a). We also crossed Mut-11-7-1
to strain 27-P[1030] that contains another transcriptionally silenced single-copy RbcS2::aadA::RbcS2 transgene (Cerutti et al., 1997b). The 27-P[1030] transgene
is controlled by a longer RbcS2 promoter region and is
integrated at an unlinked genomic locus compared to
the 11-P[300] transgene. Yet, in the Mut-11-7-1 by 27P[1030] cross, meiotic tetrad products containing both
the rs-3 selectable marker and the aadA chimeric transgene also showed resistance to spectinomycin (Figure 1c and data not shown). Thus, the genetic analysis
confirmed that integration of the rs-3 plasmid disrupted a
gene, designated Mut11, required for epigenetic silencing of the RbcS2::aadA::RbcS2 transgenes. In addition,
the mutation affects tolerance to DNA damaging agents,
cell growth, and transposon mobilization, particularly in
combination with a mutation in the Mut9 gene (Jeong
et al., 2002).
Cloning and identification of the Mut11 gene
Chlamydomonas sequences flanking the integrated
rs-3 gene were obtained by plasmid rescue (Tam and
Lefebvre, 1995) and used to screen a Chlamydomonas

Figure 1. Suppression of RbcS2::aadA::RbcS2 silencing co-segregates with the tagging rs-3 marker.
A meiotic tetrad product (Mut-11-7-1), containing exclusively the tagging plasmid, was crossed to two strains, 11-P[300] or 27-P[1030],
containing silenced, single-copies of the RbcS2::aadA::RbcS2 transgene. Reactivation of transgene expression was tested in the progeny
of the crosses.
(a) Growth and survival of cells on tris-acetate-phosphate medium with (TAP + SPEC) or without (TAP) spectinomycin. The parental strains and the meiotic products of three tetrads are shown. Cells
grown to logarithmic phase were diluted in TAP medium to 5 × 104 cell
per 5 μl, spotted on plates, and incubated as described (Jeong et al.,
2002).
(b) Southern blot analysis of the parental strains and the products
of three tetrads from the cross of Mut-11-7-1 and 11-P[300]. Genomic
DNA was digested with HindIII and probed with the pBluescript vector
sequence, which identifies both the transgene (aadA) and the tagging
plasmid (rs-3).
(c) Analysis of reactivation of transgene expression in the progeny
of the Mut-11-7-1 by 27-P[1030] cross. Experimental details were as
described under (a).
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Figure 2. Genomic structure of the Mut11 gene.
(a) The top diagram represents the genomic organization of Mut11
and the flanking predicted genes. Coding exons are depicted as
solid boxes. The flanking genes are not fully contained within the sequenced region and they are predicted to be transcribed in the opposite orientation to that of Mut11 (see Experimental procedures). The
deletion associated with integration of the rs-3 marker in Mut-11 is also
indicated. The 5′ end of this deletion has not been precisely defined
(dashed line). Different subclones used for complementation of strain
Mut-11 are indicated below the diagram. Restriction sites: E, EcoRI; H,
HindIII; P, PvuI; S, SacI.
(b) Southern blot analysis of the silenced parental strain (11P[300]), the mutant strain (Mut-11), two strains complemented with a
wild-type copy of Mut11 [Mut-11(Mut11) and Mut-11(Mut11*)] and the
wild-type untransformed strain (CC-124). Total cell DNA was digested
with PvuI/EcoRI and hybridized with a probe corresponding to the first
exon of Mut11.

genomic library. We isolated several overlapping cosmid clones that complemented the mutant phenotypes of
Mut-11 (see below). Restriction enzyme mapping of cosmid 10 together with Southern blot analyses of the wildtype and mutant strains revealed that integration of the
rs-3 plasmid caused a deletion in the genome of Mut11 (Figure 2). The 3’ end of this deletion was precisely
defined, 200 bp past a HindIII restriction site, based on
the junction sequence recovered by plasmid rescue (Figure 2a and data not shown). The 5’ end of the deletion,
although not exactly delimited, was mapped to a 3.7-kb
region between a SacI and a PvuI restriction sites (Figure 2a, dashed line). This corresponds to a maximal deletion of approximately 10 kb in the nuclear genome of
Mut-11 (Figure 2a).
To define the Mut11 gene, fragments overlapping the
deleted region were subcloned from cosmid 10 and tested
for their ability to complement the mutant phenotypes (Figure 2a and data not shown). Mut-11 cells were co-trans-
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Figure 3. Expression of the RbcS2::aadA::RbcS2 transgene and
Mut11 in the mutant and complemented strains.
The parental strain 11-P(300) was included as a control. Abbreviations
are as in the legend to Figure 2.
(a) Growth and survival of the indicated strains on TAP medium or
on TAP medium containing spectinomycin.
(b) Northern blot analysis of polyadenylated RNA sequentially
probed with the first exon of Mut11 (upper panel), the coding sequence of aadA (middle panel) and the coding sequence of TubA
(lower panel).
(c) Transcriptional activity in nuclear run-on assays of the RbcS2::
aadA::RbcS2 transgene. The Chlamydomonas genes TubA and RbcS
were included as controls (Cerutti et al., 1997a).

formed with plasmid pJK7, encoding resistance to the
herbicide sulfometuron methyl, and each of the cosmid 10
subclones. Herbicide resistant transformants were examined for re-silencing of RbcS2::aadA::RbcS2 by evaluating
cell survival on spectinomycin containing medium. Transformants were also analyzed for sensitivity to several DNA
damaging agents, such as bleomycin and methyl methanesulfonate (MMS). A 4.3-kb PvuI/EcoRI DNA fragment,
that is absent in Mut-11 due to the rs-3 associated deletion (Figure 2b), complemented all tested mutant phenotypes [ Figure 3 and Figure 4, Mut-11(Mut11)]. Partial
complementation was also feasible with a shorter fragment. In strain Mut-11(Mut11*), although the 4.3 kb complementing segment showed a deletion in the non-coding3’ end region (Figure 2b and data not shown), the mutant
phenotypes were partially corrected (Figure 3a). These
results indicated that the Mut11 gene is contained within
the 4.3 kb PvuI/EcoRI DNA fragment (Figure 2a).
Phenotypic analyses of mutant and complemented
strains
We examined the expression of the RbcS2::aadA::RbcS2
transgene in the parental strain 11-P[300], the mutant
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says. Nuclei were isolated from strains 11-P[300], Mut11, and Mut-11(Mut11) and run-on transcripts were radioactively labelled in vitro. Labelled RNAs corresponding to
the aadA coding sequence were clearly discernible in the
mutant strain but undetectable in 11-P[300] or the complemented strain (Figure 3c). In contrast, the three strains
showed similar levels of nuclear run-on transcripts from
two endogenous genes, TubA (encoding α1-tubulin) and
RbcS (Figure 3c). These findings strongly indicate that
Mut11 functions, directly or indirectly, in the transcriptional
repression of transgenes.
The Mut11 gene encodes a WD40-repeat containing
protein
Figure 4. Effect of DNA damaging agents on the survival of the
mutant, wild-type, and complemented strains.
Each graph point represents the mean (± SE) of nine replicates (three
independent experiments). Where the error bars are not visible, they
are smaller than the symbols. The panels show the survival of cells
grown on TAP medium containing increasing concentrations of bleomycin or methyl methanesulfonate (MMS). Symbols: □, wild-type CC124; ○, 11-P[300]; ♦, Mut-11; ▲, Mut-11(Mut11).

strain Mut-11, and the complemented strains Mut11(Mut11) and Mut-11(Mut11*). Mut-11 cells show reactivation of expression of the transgene, as reflected by
their survival on medium containing spectinomycin (Figure 3a) and by discernible levels of the RbcS2::aadA::
RbcS2 mRNA on Northern blots of polyadenylated RNA
(Figure 3b, middle panel). In contrast, transformation of
Mut-11 with the 4.3 kb PvuI/EcoRI fragment resulted in
re-silencing of the aadA transgene. Complemented cells
did not survive on spectinomycin-containing medium [Figure 3a, Mut-11(Mut11)] and the RbcS2::aadA::RbcS2
message was not detected on Northern blots [Figure 3b,
middle panel, Mut-11(Mut11)]. These phenotypes, indistinguishable from those of the silenced parental strain
(Figure 3a,b, 11-P[300]), are indicative of full complementation. Moreover, the growth defect of Mut-11 was also
corrected since Mut-11(Mut11) grew as well as 11-P[300]
under non-selective conditions (Figure 3a, TAP panel). In
contrast, strain Mut-11(Mut11*) only showed partial complementation manifested by weak survival on spectinomycin-containing medium and slow growth on TAP medium
(Figure 3a).
In addition to reactivation of transgenic expression,
Mut-11 is particularly sensitive to genotoxic agents inducing DNA double-strand breaks, such as MMS or bleomycin (Figure 4). These phenotypes were also complemented in strain Mut-11(Mut11) (Figure 4). Consistent with
the role of Mut11 in determining all the tested phenotypes,
its mRNA was undetectable in strain Mut-11 but was similar to wild-type levels in Mut-11(Mut11) (Figure 3b, upper
panel).
We also evaluated the transcriptional activity of the
RbcS2::aadA::RbcS2 transgene by nuclear run-on as-

Analysis of the sequence of the 4.3 kb PvuI/EcoRI
fragment with exon prediction programs, such as GeneMark and Genescan (Burge and Karlin, 1997; Lukashin
and Borodovsky, 1998), identified a single full-length
gene consisting of three exons (Figure 2a). The coding
sequence of Mut11 was further confirmed by RT-PCR
amplification of polyadenylated RNA. Rapid amplification
of cDNA ends protocols (Wu-Scharf et al., 2000) were
used to define the termini of the Mut11 mRNA. GeneMark also predicted, on the complementary strand, exons corresponding to two incomplete genes that flank
Mut11 (Figure 2a). Since these genes are not fully contained within the 4.3 kb PvuI/EcoRI fragment they are unlikely to be responsible for the phenotypic complementation. Moreover, they encode proteins that have not been
implicated in transcriptional repression (see Experimental procedures).
The deduced Mut11 protein (Mut11p) contains 370
amino acids and consists almost entirely of seven copies of the degenerate WD40 repeat (Figure 5a). Each
WD40 domain contains a variable region and a core region, which includes preferentially conserved amino acids
typically bracketed by Gly-His and Trp-Asp (Smith et al.,
1999). WD40-repeat proteins of known crystal structure
adopt a β-propeller fold, a highly symmetrical structure
made up of repeats resembling the blades of a propeller (Smith et al., 1999; Sprague et al., 2000). Each sequence repeat corresponds to a permutated structural repeat of four β strands (designated A, B, C, and D) and the
greatest variation in length is found in the region between
strand C of one blade and strand A of the next (Smith
et al., 1999). All of these features are present in the predicted WD40 repeats of Mut11p (Figure 5a), suggesting
not only sequence but also structural conservation.
Despite possessing a common sequence motif and
(expected) three-dimensional structure, WD40-repeat proteins exhibit a high degree of functional diversity (Smith
et al., 1999; Sprague et al., 2000). The WD40-repeat domain is thought to create a stable platform for the formation of protein complexes (Smith et al., 1999; Sprague
et al., 2000). Smith et al. (1999) have proposed that the
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Figure 5. Mut11 encodes a WD40-repeat containing protein.
(a) Deduced amino acid sequence of Mut11p.
Seven predicted WD40 repeats are aligned and
putative strands are indicated with arrows (A to
D). A region rich in alanine residues is underlined.
(b) Schematic representation of Mut11p and
some closely related proteins. The hatched boxes
in the diagram of the C. reinhardtii protein show
the positions of the WD40 repeats. The solid areas in other protein diagrams indicate aligned regions with greater than 30% identity to Mut11p.
Accession numbers: Homo sapiens, Q9UGP9;
Drosophilla melanogaster, Q9V3J8; Arabidopsis thaliana, T46032; Caenorhabditis elegans,
Q17963; Emericella nidulans, AAG28504; Schizosaccharomyces pombe, T39490.

best way to predict functional relationships among WD40repeat proteins is by sequence-homology searches using query sequences from which the non-surface residues
(those in strands A, B, and C, and in the B- to C-turn)
have been excluded. Proteins with very similar surfaces
are expected to have common binding partners and related functions. Based on this type of analyses (see Experimental procedures), Mut11p was found to be homologous to ubiquitous 35–40 kDa WD40-repeat proteins of
unknown function (Figure 5b). Mut11p is also similar to
the WD40-repeat containing portion of the fungal TUP1
family of transcriptional co-repressors, such as Emericella
nidulans TUPA (Figure 5b). In addition, Mut11p is related
to the C-terminal region of certain subunits of the TFIID
transcription initiation factor, such as Schizosaccharomyces pombe TAF73 (Figure 5b). The similarity of Mut11p
with TUP1 supports a role of the Chlamydomonas protein in transcriptional silencing. Moreover, the Mut11 protein contains a region rich in alanine residues (Figure 5a,
underlined), resembling those frequently associated with
transcriptional repression domains (Izzo et al., 1999;
Tzamarias and Struhl, 1994).
Subcellular localization of a Mut11p-GUS fusion protein
If Mut11p is directly involved in TGS, it would be expected to localize to the nucleus. However, examination
of the protein sequence (Figure 5a) did not reveal any
obvious nuclear localization signal (NLS). To determine
whether Mut11p is indeed a nuclear protein, we analyzed
the subcellular partitioning of a fusion polypeptide consisting of the Mut11 coding sequence linked to the N-terminus
of the β-glucuronidase (GUS) reporter protein (Figure 6a).
As a control we used a construct expressing GUS alone,
since this 68-kDa protein has been shown to be excluded
from the nucleus (Varagona et al., 1992).

Figure 6. Subcellular localization of GUS and Mut11p-GUS fusion
proteins in transiently transformed onion epidermal cells.
(a) Diagram of GUS and of the Mut11p-GUS fusion polypeptide.
(b) The proteins expressed in onion epidermal cells were localized
histochemically by the X-glucuronide assay. Transformed cells were
classified as showing nuclear localization of GUS activity (solid bars,
N) or not (hatched bars, C). The results shown are the average of
three independent experiments (n = 300 for each construct).
(c) Representative cellular staining patterns in transiently transformed
onion cells. Tissues were simultaneously analyzed by X-glucuronide
staining (blue color, upper panels) and nuclei-specific propidium iodide staining (orange color, bottom panels). The panels on the left
correspond to a cell transformed with the Mut11p-GUS fusion protein
whereas the panels on the right correspond to a cell transformed with
GUS alone. The nuclei are indicated with arrowheads. The scale bar
represents 50 m.
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Since foreign proteins are frequently poorly expressed
in Chlamydomonas (Cerutti et al., 1997a), onion epidermal peels were used as a transient gene expression system, consisting of large, transparent cells that facilitate the
imaging of subcellular structures (Scott et al., 1999). Nuclear protein targeting in the onion system has been demonstrated to be identical to that in stable transgenic plants
(Stacey et al., 1999; Varagona et al., 1992) and this also
appears to be the case for the expression of Chlamydomonas proteins (Xiang et al., 2001; B.-R. Jeong and H.
Cerutti, unpublished observations). The constructs, under
the control of the cauliflower mosaic virus 35S promoter,
were introduced into epidermal cells by particle bombardment. The subcellular localization of the expressed proteins was examined histochemically, using the X-glucuronide assay for detecting GUS activity (Varagona et al.,
1992).
The Mut11p-GUS fusion protein was found predominantly in the nucleus. It was exclusively located in the nucleus in approximately 80% of the cells examined (Figure 6b,c). In the remaining cells there was a clear nuclear
enrichment with a variable degree of cytoplasmic staining.
In contrast, the GUS protein was localized in the cytoplasm of onion cells (Figure 6b,c). The 106 kDa Mut11pGUS protein is expected to be excluded from the nucleus
in the absence of an active localization mechanism. Thus,
our results strongly suggest that Mut11p contains sequences that target it to the nucleus, such as a non-canonical NLS or an interacting domain allowing piggyback
transport with a partner protein. However, further studies will be necessary to determine whether the partial cytosolic location in some cells is an artefact of the assay,
for instance due to excessive protein expression in onion
cells, or a true reflection of the subcellular localization of
Mut11p.
Discussion
Chlamydomonas strain 11-P[300] contains a transcriptionally silenced, unmethylated-copy of the RbcS2::aadA::
RbcS2 transgene (Cerutti et al., 1997b). We have previously demonstrated that this transgene is reversibly repressed and have initiated a mutagenesis screen to
identify components of the silencing mechanism(s) (Cerutti et al., 1997b; Jeong et al., 2002). Mut-11, a mutant
strain derived from 11-P[300], shows reactivation of expression of the chimeric aadA transgene. Mut-11 also
displays enhanced sensitivity to certain DNA damaging
agents, defects in cell growth, and increased mobilization
of transposable elements, especially in a double mutant
background (this work and Jeong et al., 2002).
We have cloned the Mut11 gene and demonstrated
that it can complement the defects in transgene silencing, cell growth, and tolerance to radiomimetic agents
of strain Mut-11. Nuclear run-on transcription assays re-
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vealed that Mut11 is required for transcriptional repression of the RbcS2::aadA::RbcS2 transgene. Moreover, a
Mut11p-GUS fusion protein localizes predominantly to the
nucleus in onion cells. These observations are consistent
with a direct role of Mut11p in TGS. Deletion of Mut11 reactivates the expression of two single-copy transgenes
at different genomic locations, however, it does not suppress the transcriptional silencing of an extensively methylated, multiple-copy transgenic locus (data not shown).
Thus, our results strongly suggest that the Mut11 gene
product functions in a methylation independent TGS
mechanism(s).
Mut11 encodes a predicted protein of 370 amino acids consisting of seven WD40 repeats. Mut11p is highly
homologous to 35–40 kDa WD40-repeat containing polypeptides of unknown function that appear to be members
of small multigene families in several eukaryotes. In Arabidopsis there are two putative homologues, the WD40repeat regulatory protein TUP1 homologue (T46032)
and a predicted WD-repeat protein (AAD15347). Mut11p
is also similar, in a stretch encompassing the first six
WD40 repeats, to the C-terminal domain of the TUP1
family of fungal transcriptional co-repressors. In S. cerevisiae TUP1 functions as a global co-repressor of RNA
polymerase II transcription, controlling as many as 3%
of the yeast genes (DeRisi et al., 1997; Smith and Johnson, 2000; Tzamarias and Struhl, 1994). Over expression of the C-terminal domain of TUP1 is sufficient to partially repress cell-type specific genes in TUP1-deleted
S. cerevisiae cells (Komachi et al., 1994). Chlamydomonas Mut11p is also similar to the C-terminal region of certain subunits of the general transcription factor IID. TFIID
plays a critical role in transcription initiation by RNA polymerase II and consists of the TATA-binding protein (TBP)
and multiple TBP-associated factors (TAFs), including
some WD40-repeat containing subunits that are required
for the expression of specific genes (Green, 2000; Li and
Reese, 2000).
The similarities between Mut11p and TUP1 strongly
support a direct role of the Chlamydomonas protein in
transcriptional repression. Moreover, the relationship of
Mut11p with certain TAFs suggests the possibility of interactions with the basal transcription machinery. Co-repressors have long been considered to have a local effect, blocking transcription from specific promoters (Bone
and Roth, 2001). However, the distinction between co-repressor function and the transcriptional silencing of chromosomal domains is becoming blurred (Courey and Jia,
2001). S. cerevisiae TUP1 interacts directly with components of the basal transcription machinery and modulates
local chromatin structure through nucleosome positioning and/or recruitment of histone deacetylases (Bone and
Roth, 2001; Smith and Johnson, 2000; Wu et al., 2001;
Zaman et al., 2001). However, TUP1 has also been shown
to spread along the length of a repressed gene (Ducker
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and Simpson, 2000) and control nucleosomal remodelling
over several kilobases of DNA (Fleming and Pennings,
2001). This suggests that TUP1 may serve an architectural function in the organization of silenced chromatin
domains (Ducker and Simpson, 2000; Fleming and Pennings, 2001). Similarly, Polycomb group proteins appear
to mediate repression by two distinct mechanisms. PcG
complexes may maintain silencing by direct interactions
with transcription factors and/or by modulation of chromatin structure through interactions with nucleosomes and
histone deacetylases (Brelling et al., 2001; Brock and Lohuizen, 2001; Pirrota, 1998). Repressors may also effect
transcriptional silencing by modulation of histone methylation (Briggs et al., 2001; Nagy et al., 2002; Roguev
et al., 2001). It is interesting that all these repressor complexes can act in a gene-specific and cell-type-specific
manner, confining the silencing to limited domains within
euchromatin.
In a variety of eukaryotic organisms, transcriptional silencing of multiple-copy, tandemly repeated transgenes
is frequently associated with the formation of a heterochromatic structure and promoter/enhancer methylation,
in species capable of methylating their DNA (Bird, 2002;
Hsieh and Fire, 2000; Matzke et al., 2000; Meyer, 2000;
Ye and Signer, 1996). Many observations suggest the existence of a general mechanism for the recognition, and
subsequent inactivation, of repeated sequences via DNADNA or DNA-RNA interactions (Hsieh and Fire, 2000; Luff
et al., 1999; Matzke et al., 2001; Mette et al., 2001; Sijen
et al., 2001; Vaucheret and Fagard, 2001). In contrast,
the transcriptional silencing of single-copy transgenes
has been postulated to depend on the site of insertion
(position effects), for instance due to the spreading of heterochromatin from neighboring regions, or on the recognition of specific features of the introduced DNA that target it for silencing, such as a particular sequence, base
composition, or structure (Day et al., 2000; Iglesias et al.,
1997; Meyer and Heidmann, 1994). In Chlamydomonas,
this type of silencing is not associated with DNA methylation or with significant alterations of chromatin structure
that limit the accessibility of nucleases to the DNA in intact nuclei (Cerutti et al., 1997b). Moreover, in several
cases, transcriptional inactivation appears to be very localized, limited to only one of adjacent transgenes in a
single locus (Day et al., 2000; Fu et al., 2000; H. Cerutti,
unpublished observations). In these cases, TGS is unlikely to result from the formation of extensive heterochromatic domains.
Long-range repressors, such as TUP1, silence transcription of various chromosomal loci in a relatively indiscriminate, promoter-independent manner (Courey and
Jia, 2001). Based on our results, we propose that the silencing of certain single-copy transgenes integrated into
euchromatin may occur by a mechanism(s) similar to
those involving global transcriptional repressors. By analogy to TUP1, Mut11p might repress transcription by di-
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rect interference with the basal transcription machinery
and/or transcriptional activators. Alternatively, Mut11p
might be involved in the formation of a distinct chromatin structure that is required for silencing of a limited chromosomal domain. We have previously demonstrated that
this mechanism(s) also participates in the inactivation of
transposable elements in Chlamydomonas, although the
evidence suggests the existence of multiple, partly redundant pathways of epigenetic repression (Jeong et al.,
2002; Wu-Scharf et al., 2000). Interestingly, the transposons showing mobilization are present in limited numbers
(10–40 copies per haploid genome), dispersed throughout the nuclear genome, and do not appear to be methylated (Day et al., 1988; Ferris, 1989; Hall and Luck,
1995; Jeong et al., 2002; data not shown). These transposons most likely insert into euchromatic regions, since
they were first isolated due to their integration into active genes causing mutant phenotypes (Day et al., 1988;
Schnell and Lefebvre, 1993). Thus, our results taken together support the existence of a global mechanism for
the transcriptional silencing of dispersed, unmethylated
DNA sequences.
Chlamydomonas strain Mut-11 exhibits pleiotropic phenotypes such as defects in transcriptional transgene silencing, tolerance of DNA damage, cell growth, and repression of transposable elements (this work and Jeong
et al., 2002). This suggests that Mut11p may have a
global regulatory function, possibly controlling certain endogenous genes as well as transposons and transgenes
integrated into euchromatin. As discussed before, Mut11
may also play a role in DNA repair, perhaps indirectly by
affecting chromatin structure (Jeong et al., 2002). Elucidation of the mechanism(s) of Mut11p mediated repression will likely contribute to our understanding of methylation-independent TGS in euchromatic regions. An area of
particular interest will be the mechanism targeting the silencing machinery to specific transgenes or transposons.
Experimental procedures
Culture conditions, strains, and genetic analyses
C. reinhardtii cells were grown photoheterotrophically in
Tris-acetate-phosphate (TAP) medium (Harris, 1989) under
moderate light (Jeong et al., 2002). Strains 11-P[300], a transformant that contains a silenced single-copy of the RbcS2::
aadA::RbcS2 transgene (Cerutti et al., 1997b), and Mut-11, an
insertional mutant of 11-P[300] that shows reactivation of transgenic expression (Jeong et al., 2002), have been previously
described. For genetic analyses, Mut-11 was crossed to the
wild-type strain CC-125 and tetrads were dissected by standard procedures (Harris, 1989). A meiotic tetrad product containing exclusively the rs-3 tagging plasmid was also crossed
to the parental strain 11-P[300] and to strain 27-P[1030] (Cerutti et al., 1997b). Reactivation of the RbcS2::aadA::RbcS2
transgene was examined by spotting serially diluted cells on
TAP plates containing different concentrations of spectinomycin (Jeong et al., 2002).
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Plasmid rescue, cosmid library screening, and
complementation tests
Chlamydomonas sequences flanking the tagging plasmid
in Mut-11 were recovered by plasmid rescue in E. coli (Tam
and Lefebvre, 1995) and used as probes to identify hybridizing
cosmids from a Chlamydomonas genomic library (Sambrook
et al., 1989). For complementation analysis, Mut-11 cells were
co-transformed with a selectable marker (plasmid pJK7), conferring resistance to the herbicide sulfometuron methyl, and
with the isolated cosmid clones or derived subclones. Herbicide resistant transformants were examined for re-silencing
of RbcS2::aadA::RbcS2 by replica plating to spectinomycin
containing medium (Wu-Scharf et al., 2000). Putative complemented strains were also tested for survival to treatment
with MMS or bleomycin, as previously described (Jeong et al.,
2002).
DNA and RNA analyses
Standard protocols were used for nucleic acid isolation,
fractionation by gel electrophoresis, and hybridization with 32Plabelled probes (Cerutti et al., 1997a; Sambrook et al., 1989).
Nuclear run-on transcription assays
Intact nuclei were isolated from Chlamydomonas cells and
used to determine transcriptional activity as already described
(Cerutti et al., 1997a, 1997b). Nuclear transcripts, labelled with
32P-rUTP, were used as probes on filters containing an excess
of target DNA. The radioactivity retained on the membranes
was quantified with a PhosphorImager (Molecular Dynamics)
(Cerutti et al., 1997a).
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quence of Mut11 has been deposited in the DDBJ/EMBL/
GenBank database (Accession No. AF443204).
Transient expression and analysis of Mut11p-GUS subcellular
localization in onion epidermal cells
A fusion protein between Mut11p and E. coli β-glucuronidase, under the control of the cauliflower mosaic virus 35S promoter, was constructed to examine the intracellular localization
of the Chlamydomonas protein. The coding sequence of Mut11
was inserted in frame into an NcoI site overlapping the GUS
translation start codon in plasmid pPTN134 (a gift from T. Clemente). Cells in the epidermal layer of onion bulbs were transformed by microprojectile bombardment with DNA coated tungsten particles (Stacey et al., 1999; Varagona et al., 1992). After
bombardment, the epidermal peels were incubated for 18–20 h
at 23 °C under constant light of 50 µmol · m–2 · s–1 photosynthetically active radiation. Cell layers were stained for GUS activity as described (Varagona et al., 1992), washed briefly in
100 mm sodium phosphate (pH 7.0) and mounted in the same
solution containing 1 µg ml–1 propidium iodide (PI). The stained
cells were inspected by bright-field microscopy for distribution
of GUS activity and by epifluorescent microscopy for PI labelling of the nucleus.
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DNA sequence analyses
A 4.3-kb PvuI/EcoRI DNA fragment that complemented all
tested mutant phenotypes was sequenced with an ABI377
sequencer (Applied Biosystem). We also sequenced the 1.7
kb EcoRI/HindIII segment located immediately downstream
(Figure 2a). The 4.3 kb fragment contained a single fulllength gene that we designated Mut11, based on predictions
with the GeneMark and Genscan programs (Burge and Karlin, 1997; Lukashin and Borodovsky, 1998). This gene was
flanked by two additional genes predicted to be encoded on
the complementary strand. However, only part of their coding sequences is contained within the 4.3 kb PvuI/EcoRI fragment (Figure 2a). Based on the partial sequence available,
they encode proteins with similarity to cysteine synthase
(BAB20863, upstream of Mut11) and a chloroplast localized
trans-splicing factor (AAG39999, downstream from Mut11).
The coding sequence of the predicted Mut11 gene was confirmed by reverse transcriptase polymerase chain reaction
amplification from polyadenylated RNA (Wu-Scharf et al.,
2000). Proteins homologous to Mut11p were identified with
BLASTP. To find functionally related WD40-repeat proteins,
which are expected to have similar predicted surfaces (Smith
et al., 1999), the conserved non-surface residues (those in
strands A, B, and C, and in the B- to C-turn) were replaced
with X’s. The remaining sequence, that includes the non-WDrepeat leader, trailer, and loops correctly spaced with uninformative X’s, was used on BLASTP searches (see http://
bmercwww.bu.edu/bioinformatics/wdrepeat.html). Sequence
alignments were generated with CLUSTALW. The coding se-
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